M aternal history of preterm delivery (PTD) identifies excess cardiovascular morbidity and mortality for women, 1-4 but mechanisms linking preterm birth to the emergence of cardiovascular disease (CVD) are not well understood. Compared with women with term births, those with PTD have modestly higher blood pressure (BP) before, during, and after pregnancy, 5-9 but the long-term associations of these differences with future CVD risk are unknown.
M aternal history of preterm delivery (PTD) identifies excess cardiovascular morbidity and mortality for women, [1] [2] [3] [4] but mechanisms linking preterm birth to the emergence of cardiovascular disease (CVD) are not well understood. Compared with women with term births, those with PTD have modestly higher blood pressure (BP) before, during, and after pregnancy, [5] [6] [7] [8] [9] but the long-term associations of these differences with future CVD risk are unknown.
Nonpregnant longitudinal BP measurements in men and women over 25 years reveal that increasing BP patterns are associated with coronary artery calcification (CAC) in middle age. 10 Similarly, the accumulation of exposure to modest elevation in BP across adulthood (eg, systolic >115 or 120 mm Hg) is linked to excess cardiovascular risk. 11, 12 Indeed, the newest guidelines classify stage 1 hypertension as BP ≥130/80 mm Hg, although treatment is not recommended at this lower threshold unless 10-year predicted CVD risk is ≥10%. 13 Women have lower BP than men across adulthood. 14 They are, therefore, overrepresented in low-risk BP trajectories. Herein, we focus on women across the childbearing years and consider that adverse pregnancy outcomes, such as preterm birth history could help identify women with BP patterns representing an excess risk for CVD.
CARDIA (Coronary Artery Risk Development in Young Adults) is one of the few longitudinal cohorts in which BP was measured before and after pregnancy, and we have reported that women with PTD had a modestly higher BP compared with women with term births before pregnancy (2 mm Hg) and after 20 years of follow-up (4 mm Hg). Indeed, differences in BP increased more dramatically over time compared with women with term births, even among those with normotensive preterm births. 6 How the vascular burden of modest BP increments might accumulate across the life course among women who deliver preterm pregnancies is unknown. To examine this, we first characterized BP patterns across 20 years from young adulthood to midlife in women with at least 1 birth and hypothesized that women with preterm when compared with term births would be more likely to follow a high-risk BP pattern. We then considered whether these BP patterns were related to CAC at midlife and whether these associations were similar in women with preterm when compared with full-term births.
Methods
Study materials, data, and samples from CARDIA are available at https://www.cardia.dopm.uab.edu/ and through the National Heart, Lung, and Blood Institute BioLINCC (Biologic Specimen and Data Repositories Information Coordinating Center) program at https:// biolincc.nhlbi.nih.gov/home/.
CARDIA is a US multi-center, longitudinal, observational study designed to describe the development of risk factors for coronary heart disease in young black and white men and women. 15, 16 Participants were recruited from 4 US areas: Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA. From 1985 to 1986, 5115 subjects (2787 women; 52% black) aged 18 to 30 years were enrolled and provided written informed consent. Retention rates were 92%, 86%, 81%, 79%, 74%, 72%, and 72% of the surviving cohort at years 2, 5, 7, 10, 15, 20, and 25 after baseline.
Of the 2787 women enrolled in CARDIA, we excluded women with hysterectomy at baseline (n=25), those who did not deliver live births between baseline and year 25 of follow-up (n=1377), and those with <4 visits with BP measurements (n=69; Figure S1 in the onlineonly Data Supplement). Women with twin births or births with no reported gestational age were also excluded (n=81). Of those remaining (n=1232), we further limited our analysis to women with coronary calcium assessed at year 20 or 25. Eligible women with CAC measurements (n=1049) compared with those with no CAC measures (n=183) were about a year older at baseline, were less likely to be of black race, and had higher levels of education and modestly lower triglycerides measured at baseline (Table S1 ).
Pregnancies and Preterm Birth Status
All births that occurred after enrollment (baseline) in CARDIA are included in this analysis. These were assessed at exams that occurred every 2 to 5 years, and for each postbaseline birth, women reported the gestational age at delivery (weeks) and birth weight. Preterm births were those delivered <37 completed weeks. A validation study compared maternal report of gestational age to medical record abstractions (n=211). Maternal report of ever delivering preterm (<37 weeks) was good (sensitivity was 84% [16/19] ; specificity was 89% [170/192] ). 6 Women were categorized into 2 exposure groups: those who ever experienced a PTD and those with all term births.
Women also reported if each birth was complicated by gestational diabetes mellitus or hypertensive disorders of pregnancy. Self-report of gestational diabetes mellitus history was excellent (100% sensitivity and 92% specificity). 17 Self-reported hypertensive disorders of pregnancy were overreported (positive predictive value was 42%), but the negative predictive value of self-report of no preeclampsia or gestational hypertension was 90%. 18 Thus, although our study cannot definitively identify women with hypertensive disorders of pregnancy, we can be assured that the group reporting normotensive births were likely to have been normotensive during pregnancy. Parity status (number of births) before baseline was assessed at enrollment.
Coronary Artery Calcium
Calcified coronary artery plaque was measured at year 20 or 25 using computed tomography of the chest. 19 In brief, at year 20, an electronbeam computed tomography scanner (at Chicago and Oakland centers) and a multidetector computed tomography scanner (at Birmingham and Minneapolis centers) were used to obtain contiguous 2.5-to 3-mm-thick transverse images from the root of the aorta to the apex of the heart. At year 25, all centers used the multidetector computed tomography scanner. The accuracy, comparability, and reproducibility of CAC measurement is excellent. 19, 20 Scans were obtained, and image analysts blinded to participant characteristics calculated a total coronary artery calcium score using a modified Agatston method 21 with select over-reading by a physician expert in cardiovascular imaging. The presence of CAC was defined as a total calcification score >0 Agatston units measured at year 20 or 25 given the low prevalence of advanced calcification among women. Results were replicated when CAC was defined as ≥10 Agatston units.
Blood Pressure
BP was measured at baseline and each follow-up examination by standardized research methods. 15, 16 Three resting seated measurements were obtained with a random-zero sphygmomanometer through year 15 and with the Omron (Omron Corp, Schaumburg, IL) HEM907XL oscillometer at years 20 and 25; the mean of the second and third readings was used for this report. Omron results were calibrated to be consistent with the random-zero results. 18 Systolic BP (SBP) and diastolic BP (DBP) were analyzed separately for trajectory analyses. Mid-BP (MBP; average of SBP and DBP) was also evaluated given the evidence that it may better predict CVD events than other composite measures such as pulse pressure or mean arterial pressure. 22, 23 Antihypertension medication or statin use was reported at each visit.
Other Variables
Fasting blood samples were sent to the Northwest Lipid Research Laboratories (Seattle, WA) for lipid determination within 6 weeks of collection. 24 LDL (low-density lipoprotein) cholesterol was calculated using the Friedewald equation when triglycerides were <400 mg/dL. 25 Height and weight were measured during each examination and used to calculate body mass index (kg/m 2 ). Waist circumference was measured as the abdominal girth midway between the iliac crest and the bottom of the ribcage. Demographic characteristics (age, sex, and race) were obtained at baseline; educational achievement was self-reported on standardized questionnaires as was smoking status (nonsmoker, ex-smoker, and current smoker).
Statistical Analysis
BP trajectories were modeled for women with ≥1 births and at least 4 BP measurements from baseline through follow-up. Latent class models identified subgroups of women with a similar underlying trajectory in BP using SAS Proc Traj (details provided in online-only Data Supplement). 26 To maximize the sample size and avoid bias that may be introduced by requiring attendance at the year 25 visit, we first constructed BP trajectories through year 20 and related these to CAC detected at year 20 or year 25. This approach also allowed early presence of CAC to be considered which was relevant to our hypothesis, as 73% of women had CAC measured at both time points. We used a variation of the Cox proportional hazards model that accounts for interval-measured data to estimate the relative hazards of CAC presence according to BP latent class. 27 Multivariable models adjusted for demographic characteristics (race, education, and age), lifestyle features (time-varying body mass index and smoking), medication use (antihypertensives and statins), and other pregnancy features (gestational diabetes mellitus and hypertensive disorders of pregnancy). Models were also adjusted for the posterior probability of being included in a trajectory to account for the variability in-class assignment. Additional adjustment for parity, lipids, or baseline BP did not change any estimates by >10%, and thus, these were not included. We tested for a differential association between BP trajectories and CAC according to preterm birth history using a multiplicative interaction term (P<0.10) and also tested for relative excess risk due to interaction on the additive scale as this may be more biologically plausible and of greater public health relevance (relative excess risk due to interaction >1). 28 Given the evidence of effect modification on both scales, exposure groups that combined BP patterns and preterm birth history were evaluated. Women with term births and a low-stable or moderate BP pattern were the referent as the prevalence of CAC was similar in these groups (12.2% and 16.1%, respectively). We then modeled trajectories through year 25 to account for steeper increases in BP that may occur after year 20 and related these patterns to CAC presence at year 25 using logistic regression. Covariate adjustment was as above. Sensitivity analyses were conducted defining CAC as Agatston units ≥10. We also stratified results by race, by hypertensive status (ever/ never; defined as BP ≥140/90 mm Hg or taking antihypertensive medication), and by self-reported hypertensive disorders of pregnancy (ever/ never) to ensure that associations were similar in subgroups.
Results
Across 25 years of follow-up, 272 women experienced preterm birth and 777 reported all term births. Women with PTD history compared with those with all term births were more likely to be of black race, less likely to have attended college, and had modestly higher SBP at baseline which was before the births included in this analysis (Table 1) . By year 25, women with preterm deliveries had higher SBP, DBP, and MBP; were more likely to report having experienced hypertension in pregnancy; and to be using antihypertensive medications.
Three trajectories in SBP, DBP, and MBP were identified ( Figure 1 ): 53% of women maintained low SBP across follow-up (low stable, n=563), 40% maintained moderate SBP (moderate, n=416), and 7% started with moderate SBP that increased rapidly after ≈10 years of follow-up (moderate increasing, n=70). Trends were similar for DBP and MBP but most pronounced for SBP.
Women in the moderate-increasing SBP group were more likely to be of black race and to have a higher body mass index and waist circumference at baseline and after 25 years of follow-up. They also were more likely to experience preterm birth and pregnancies complicated by hypertension compared with the low-stable SBP group (Table 2) . After accounting for race, age, education, smoking, body mass index, and total cholesterol, women with PTD tended to be more likely to be in the moderate-increasing SBP group (odds ratio, 1.46; 95% confidence interval [CI], 0.85-2.49). As expected, women in the moderate-increasing SBP group were also more likely to have CAC at year 20 or 25; 38.6% of women in the moderateincreasing SBP trajectory had CAC compared with 13.5% of women in the low SBP trajectory (P<0.0001).
Among women with moderate-increasing SBP, those with preterm deliveries were more likely to have CAC than women with term births (P for multiplicative interaction=0.04; relative excess risk due to interaction=1.30 for additive interaction; Figure 2) . Women in the moderate-increasing SBP trajectory and a history of preterm birth had 2.17-fold higher hazards of CAC (95% CI, 1.14-4.12; P=0.018; Results were amplified when the risk of CAC at year 25 was estimated according to BP trajectories through year 25 (Table S3) . Those in the moderate-increasing SBP trajectory had significantly increased the risk of CAC, and this was strongest in women with history of preterm birth (adjusted odds ratio, 4.40; 95% CI, 1.80-10.75; P≤0001). The associations were more modest in participants with only term births. The associations of SBP trajectories and PTD persisted when the presence of CAC was defined as ≥10 Agatston units but were diminished for DBP and MBP (Table S4) . Results were of similar magnitude but less precise in white and black women (Table S5) . Results were also similarly significant, after removing women who were hypertensive at baseline (n=20).
We, then, stratified according to hypertension (ever versus never) rather than BP trajectories. Women with hypertension and a history of preterm birth had higher risk of CAC compared with those with no hypertension (HR, 2.76; 95% CI, 1.29-5.90), adjusted for covariates. Women with hypertension and term births also had excess CAC, but this risk was more modest compared with estimates in women with preterm deliveries (HR, 1.62; 95% CI, 0.96-2.71; P interaction =0.08). We further considered that preterm deliveries complicated by hypertensive disorders of pregnancy may be influencing our results. Those who reported a history of hypertensive disorders of pregnancy and an increasing SBP trajectory had excess CAC risk regardless of PTD (HR, 3.40; 95% CI, 1.18-9.74 for term births; HR, 3.59; 95% CI, 1.31-9.79 for preterm births; Table S6 ). Women with normotensive preterm births and increasing SBP also had excess CAC risk (HR, 2.45; 95% CI, 0.97-6.23). In contrast, those with an increasing SBP trajectory but all normotensive term births had no excess CAC.
Discussion
Our results indicate that women with preterm deliveries combined with an increasing BP trajectory had a particularly strong risk of CAC that was independent of other traditional CVD risk factors and pregnancy complications. In contrast, CAC risk tended to be smaller among women with term births and an increasing BP trajectory. Of note, women with preterm deliveries were also more likely to follow an increasing BP pattern compared with women with term births. Our results highlight the importance of race in these associations. Black women were much more likely to have preterm deliveries, to follow an increasing BP pattern, and to have CAC. The average age of women at the end of follow-up was <50, and thus, most women were at overall low risk for CVD. Preterm birth may identify women with high risk of increasing BP and progression to atherosclerosis early in the life course.
Early detection of hypertension or modest elevations in BP is crucial, as treatment is widely available, inexpensive, and cardioprotective. Yet, up to 38% of hypertension goes undetected before age 40. 29 Importantly, hypertension contributes to more CVD events in women relative to men. 30 There is also evidence that the accumulation of modest BP elevation over young adulthood is linked to atherosclerosis, left ventricular mass, and vascular mortality. 11, 12 Our data suggest that at an average age of 24 at Adjusted for age at baseline, race, education, years smoking, statins, hypertensive medication use, posterior probability of SBP group assignment and time-varying BMI, gestational hypertension, and GDM. BMI indicates body mass index; CAC, coronary artery calcification; CI, confidence interval; DBP, diastolic blood pressure; GDM, gestational diabetes mellitus; HR, hazard ratio; MBP, midblood pressure; and SBP, systolic blood pressure.
baseline, women with modestly higher BP go on to follow an elevated trajectory and thus modest BP elevations in young adulthood may warrant closer clinical attention. Our results indicate that preterm birth history may identify a subgroup of women susceptible to increasing BP and higher risk for development of atherosclerosis. It is unknown if preventing the preterm birth may also prevent maternal progression to CAC, but our results amplify the importance of preterm birth for maternal long-term health. Recent evidence indicates that presence of any CAC, including those with low scores as we include here, is linked to coronary heart disease events and death. 31, 32 Indeed, some have called for the inclusion of CAC screening to stratify women and men for treatment. 33 Our results raise important questions about how pregnancy history may help inform CVD screening and treatment guidelines for women.
There are few studies of the vascular pathways linking PTD to CVD. Our results are aligned with evidence from the Nurses' Health Study that women with preterm deliveries have excess CVD risk, not explained by obesity, lifestyle, or sociodemographic risk factors. 34 Our findings raise the possibility that there may be novel endothelial factors leading to increasing BP and CAC in women with preterm deliveries. Alternatively, it is possible that the modest elevations in BP detected even before preterm births may be related to occult inflammation or oxidative stress 35 that instigate vascular remodeling, culminating in arterial plaque formation by age 50. Recent work has identified maternal genes related to BP control, carotid intima-medial thickness, and metabolic risk that are also related to PTD. 36 In addition, familial aggregation of PTD may have developmental origins, such that women who themselves were born small or preterm may have excess risk of PTD, as well as hypertension, and CVD. 37, 38 We did not collect information about a mother's own birth history, but future work should explore these associations.
Our results must be considered in the context of study limitations. CARDIA is a large, biracial cohort, and yet the number of women with CAC is still small. Longer follow-up is needed to accrue more events and to understand if PTD history discerns risk across the aging continuum. It is possible that reproductive features can best identify risk among premenopausal women. 7 CAC was not measured at baseline, and thus, we were unable to determine if women in the highest BP trajectory group or those with preterm birth may have had prior CAC. We also relied on selfreport of pregnancy complications. Although our validation study demonstrated good recall of preterm birth, studies with medical record data are needed to determine if subtypes of preterm birth such as spontaneous preterm birth or clinically indicated early delivery may be driving the risk estimates we detected. Although this may hamper the etiologic interpretation of our findings, our results suggest that reliably recalled pregnancy features such as PTD can mark excess CVD risk in women. Maternal recall of hypertensive disorders of pregnancy in our study, similar to others, was poor. The high negative predictive value of maternal recall of this complication, however, does reassure us that our findings in women having reported normotensive preterm deliveries are robust. In addition, future studies are needed to understand the timing of BP changes relative to each birth. Self-reported preterm deliveries before the baseline visit were missing for many women, and, therefore, we were unable to consider these in our analysis. Most women in CARDIA were nulliparous at baseline (70%), and thus, this may only modestly affect our estimates. Strengths of our study include the large number of black women as rates of preterm birth and CVD are high in this group. We also could evaluate a long continuum from before pregnancy through 25 years of follow-up with robust measurements of BP and pregnancy history. In contrast to pregnancy cohorts that study a single birth, we described the entire pregnancy history after enrollment in CARDIA. As a result, the overall preterm birth rate in this childbearing cohort was high.
Perspectives
Our results provide evidence that women with preterm deliveries are more likely to follow an increasing BP trajectory from before to many years after pregnancy compared with women who deliver all births at term. This high-risk BP pattern combined with a history of preterm birth is associated with excess risk of coronary atherosclerosis that does not seem to be explained by traditional CVD risk factors. Preterm birth history coupled with higher BP may identify women in whom further risk stratification may be warranted.
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